Abstract -Bioinformatics is a new and rapidly evolving discipline that has emerged from the fields of experimental molecular biology and biochemistry, and from the the artificial intelligence, database, pattern recognition, and algorithms disciplines of computer science. Largely because of the inherently interdisciplinary nature of bioinformatics research, academia has been slow to respond to strong industry and government demands for trained scientists to develop and apply novel bioinformatic techniques to the rapidly-growing, freely-available repositories of genetic and proteomic data. While some institutions are responding to this demand by establishing graduate programs in bioinformatics, the entrance barriers for these programs are high, largely because of the significant amount of prerequisite knowledge in the disparate fields of biochemistry and computer science required for sophisticated new approaches to the analysis and interpretation of bioinformatics data. The author's present an undergraduate-level bioinformatics curriculum in computer science designed for the baccalaureate student. This program is designed to be tailored easily to the needs and resources of a variety of institutions.
Introduction
Bioinformatics is a new and rapidly evolving discipline that has emerged from the fields of experimental molecular biology and biochemistry, and from the the artificial intelligence, database, pattern recognition, and algorithms, disciplines of computer science. Bioinformatics research explores the functional relationships between the composition of the genes within the context of the genome and the structure and function of the proteins encoded by these genes. Because the interaction of proteins largely determines metabolism, reproduction, form, and health, the implications of bioinformatics studies are far reaching. Recent advances in the experimental techniques of molecular biology have resulted in an explosive growth in the availability of molecular data. As a result, current bioinformatics research is often focused on the representation, analysis, annotation, and mining of large databases of genome sequence information. In the future, the focus will shift to a functional analysis of the proteins produced by these genes and their interactions in the context of biochemical pathways. Bioinformatics techniques promise to provide information that: explores the function of life; explains and improves the treatment of inherited and acquired diseases; aids in fighting famine and world hunger; and helps to produce a better environment.
Largely because of the inherently interdisciplinary nature of bioinformatics research, academia has been slow to respond to strong industry and government demands for trained scientists to develop and apply novel bioinformatics techniques to the rapidly-growing, freely-available repositories of genetic and proteomic data. While some institutions are responding to this demand by establishing graduate programs in bioinformatics, the entrance barriers for these programs are high, largely as the result of the significant amount of prerequisite knowledge in the disparate fields of 3 biochemistry and computer science, required to author sophisticated new approaches to the analysis of bioinformatics data.
The demand is high for professionals with a background in bioinformatics. The sequencing and analysis of the human genome is one of the most complex computational problems currently being studied on a world-wide scale.
Computer scientists are needed to analyze, index, represent, model, display, process, mine, and search large biological databases. This need is already extensive and will continue to grow. The genomic information available at the National Center for Biotechnology Information (NCBI) currently doubles every 14 months [1] . Industry analysts forecast that the market for genomic information alone (and the technology to use it) will reach an annual US $2 billion by 2005 [2] . Both industry and the National Institute of General Medical Sciences (NIGMS) are having difficulty finding qualified individuals from other disciplines to investigate the kind of modeling and data analysis that researchers in the biological sciences now require [3] .
Unfortunately, the educational opportunities available to undergraduate students wishing to participate in this exciting enterprise are not yet sufficient to meet the anticipated demand [3] [4] [5] [6] .
Eric Lander (founder and director of Whitehead Institute Center for Genome Research) predicts that the current shortfall of bioinformaticians could be as much as fifty-fold [4] . The development of undergraduate opportunities in bioinformatics is essential to meeting future needs world-wide.
The authors have developed an undergraduate-level bioinformatics program that is unencumbered by the high entrance barriers associated with post-graduate bioinformatics education. We combine early training in the fundamental material necessary for a strong grasp of bioinformatics concepts and algorithms with junior-and senior-level bioinformatics research. The research 4 component of our program is oriented towards application of existing bioinformatics methods to investigate current problems in molecular biology, and, for advanced students, development of novel techniques.
In Section 4.1 a model for a four-year baccalaureate degree program in computer science is presented. The goal in the development of this model is to provide exposure to the fundamental concepts required to produce engineers and scientists well prepared for postgraduate bioinformatics education and capable of carrying out research and development into new bioinformatic techniques and tools. Students will learn the algorithms, data representations, and ontologies at the core of current bioinformatics analyses. They will also learn how to implement these algorithms at the same time as they are exposed to the experimental techniques used by molecular biologists to gather data. By the end of their course of study, students will be ready to enter the bioinformatics job market or participate in on-going research projects involving analyses of molecular data.
Problem
Graduate programs in bioinformatics are beginning to emerge at universities world-wide [4] . Entrance requirements for such programs, however, require students with a specific prerequisite program of undergraduate study that is rarely made available as part of an organized program. Graduate bioinformatics programs must currently accept students with undergraduate degrees in either computer science or biology and have sequences of remedial or prerequisite courses designed to complement the knowledge already acquired by the students as undergraduates.
Students holding an undergraduate degree in computer science generally need to spend the majority of their first year of graduate study taking focused remedial courses in basic chemistry, biochemistry, molecular biology, and genetics. Students holding an undergraduate degree in biology generally spend the majority of their first year of graduate study in course work covering introductory computer programming and data structures, entity-relationship modeling, databases, and artificial intelligence.
The second year of a graduate bioinformatics program is generally dominated by pre-existing graduate courses in computer science and biology. From computer science, courses in artificial intelligence, database, pattern recognition, and genetic algorithms are fundamental. From biology, a course sequence providing specialization in genetics, molecular biology, physiology, or ecology is considered highly advantageous. Finally, students from either background would require a course sequence covering contemporary algorithms and research techniques in bioinformatics. It is unlikely for this amount of material to be accommodated in a two-year course of study without significant preparation at the undergraduate level.
Because of the demanding entrance requirements, graduate programs alone may prove inadequate in providing the number of bioinformatics specialists that industry will require, partly because of the amount of remedial course work necessary. New undergraduate programs must be developed that incorporate a more specific (and shorter) biology sequence with a more focused computer science foundation. Some of the traditional core courses in some computer science programs (such as assembly language programming) may need to be redesignated as electives to allow students to increase their knowledge in the contemporary areas of IT knowledge applicable to bioinformatics (such as artificial intelligence, knowledge representation, pattern recognition, and data-mining).
Four-year programs need to provide opportunities and direction to students to meet the market demand for bioinformatics professionals and to better prepare students for entrance into graduatelevel bioinformatics programs. As bioinformaticians must be equally versed in the languages of biology and computer science, this effort will require a fundamental, interdisciplinary approach.
Furthermore, basic research in the field of bioinformatics is progressing rapidly. Professionals in fields, such as bioinformatics and computational molecular biology, must possess not only a strong grasp of computer science fundamentals, but also an equally comfortable understanding of the fundamentals of biology and biochemistry, in order to recognize and appreciate the results of their analyses.
Integration of computer science core material
Biology has become an increasingly data-driven science. Modern experimental techniques, including automated DNA sequencing, gene expression microarrays, and X-ray crystallography are producing molecular data at a rate that has made traditional data analysis methods impractical.
Bioinformatics methods are becoming an increasingly important aspect of the evaluation and analysis of experimental data in molecular biology. Computational modeling and prediction methods, such as comparative modeling of protein structure, are now reaching a level of sophistication that allows some experimentation to take place entirely within a computational framework. The July 2002 issue of IEEE Computer showcases the emergence of bioinformatics as a discipline in its own right [8] .
Classically, computer science has focused on the study of computer hardware and software. A more contemporary view of information technology, however, must recognize that storage, transmission, and distribution of data make up a significant portion of the future demand on the discipline and on future computer professionals. This view mandates a program of study emphasizing contemporary topics in databases and artificial intelligence.
From the discipline of computer science, a baccalaureate bioinformatics professional should have knowledge of introductory programming, entity-relationship models, data structures, AI algorithms (search, optimization, list processing, pattern recognition, etc.), databases, formal and comparative languages (complexity, and specialized algorithm topics, such as those explained in [9] ). Additionally, a baccalaureate bioinformatics professional should have strength in at least one elective field from modeling and simulation, probability and statistics, visualization, pattern recognition, human-computer interaction (HCI), the development of complex bioinformatics systems (distributed systems), or evolutionary computation (EC). Mastery of all of these techniques is beyond the scope of a baccalaureate degree but is within the scope of post-graduate bioinformatics education. 
Integration of biology core material

Incorporating research into the curriculum
Basic research in the field of bioinformatics is progressing rapidly. Students will be best served by a program of study that focuses primarily on the fundamental biological and algorithmic principles which give rise to bioinformatics techniques as a means of understanding and developing current and future analytical approaches.
For these reasons, training in bioinformatics requires a strongly-integrated program of undergraduate and graduate student research activities that employ state-of-the-art algorithms and
methods on biologically relevant data. The incorporation of substantive research activities into a bioinformatics tract for computer science students is both necessary and attainable for several reasons.
1. The discipline of bioinformatics is still in its infancy, thus many of the state-of-the-art so-9 lutions to important problems use direct approaches that are easily conveyed even to undergraduate students with limited background.
2. There exists a clear demarcation between research problems which utilize developed bioinformatics algorithms and the development of new algorithms. This demarcation facilitates a multidisciplinary approach to the understanding of bioinformatics methods.
3. World-wide collaborations in genome sequencing, protein-structure determination, and other areas have helped to bring about the sharing of bioinformatics research data and applications as a standard practice. Few other fields allow free access to largely unexplored research data and unperfected techniques as they are being developed. This availability of data affords invaluable opportunities for integrating the discovery of new knowledge into the core course work of the program.
Methods
Bioinformatics professionals must be capable of communicating in both the languages of computer science and the language of biology. Both disciplines are rich in technical terminology. The defining trait of a successful baccalaureate bioinformatician is not necessarily complete mastery of both fields, but rather a traditional mastery of one field and a comfortable familiarity with the other [10] .
The proposed model is designed to provide students with a traditional mastery of computer science through course work available in existent accredited computer science programs. Ad-ditionally, the authors recommend course work common in contemporary baccalaureate biology programs designed to provide students with opportunities to develop a "comfortable familiarity"
with the language and concepts of biology crucial to bioinformatics. Finally, specialized bioinformatics training is recommended at an introductory level (during the sophomore year) and as a capstone (during the senior year) to provide students with opportunities to become familiar with the use and development of the tools of bioinformatics.
The introductory course, "Introduction to Bioinformatics", is offered to sophomore-level students. This course, offered early in their program of study, presents the fundamental concepts of bioinformatics and provides a tools-oriented approach toward solving informatic problems. This course has minimal prerequisites and is designed for students with at least one course in computer science or biology. Student projects in the course are completed on a team basis, such that each team has at least one "expert" in computer science and one in biology. This collaboration fosters the ability to communicate concepts between the two disciplines -the hallmark of a trained bioinformatician. This introductory course is designed for students with little or no experience in bioinformatics. In-class lectures for this course focus on pen-and-paper implementation of algorithms, so that the prerequisite experience in data structures and structured programming is minimized.
In contrast, the capstone course, "Algorithms for Bioinformatics", is offered to students in their senior year. This course assumes that the incoming student is well-versed in both the fundamentals of computer science and the fundamentals of biology and focuses on the application of contemporary algorithmic techniques, such as dynamic programming, to problems in bioinformatics.
The development and instruction of these two new courses are designed to be the only addi-tional resources needed to implement a bioinformatics tract in existent computer science departments. It is critical, in the authors' opinion, that these courses be co-taught by faculty from both the department of computer science and the department of biological sciences in order to provide the appropriate interdisciplinary mix. At Wright State University (Dayton, Ohio), these courses are co-listed as CS/BIO courses and open to students majoring in either discipline. The objectives of these two new courses are now detailed.
Introductory course: Introduction to bioinformatics
The goal of this four-quarter credit hour (three-semester credit hour) introductory bioinformatics course is to present a tools-oriented approach to bioinformatics emphasizing data structure in DNA, data searches, pairwise alignments, substitution patterns, protein structure prediction and modeling, proteomics, and the use of web-based bioinformatics tools. This course also introduces students to beginning programming skills in Perl, the most common computer language for biological data analysis. The lectures focus on common classes of problems in bioinformatics, and in-class solutions are implemented using a language-independent, pencil-and-paper approach.
Course objectives include development of a solid understanding of Perl basics, familiarity with existing computational approaches to solving problems in bioinformatics, and the skills necessary to continue towards advanced bioinformatics training. 
Capstone course: Algorithms for bioinformatics
The goal of this four-quarter credit hour (three-semester credit hour) capstone course in bioinformatics is to provide a theory-oriented approach to the application of contemporary algorithms to bioinformatics. Graph theory, complexity theory, dynamic programming, and optimization tech- The material presented in these two courses serves as a unifying element for a bioinformatics program, otherwise consisting of existing course work in computer science and biological science.
Although designed in the framework of a computer science degree with a bioinformatics focus, these courses can also be used to provide students majoring in biological sciences with similar bioinformatics opportunities.
To maximize student learning, these courses are taught using an active/cooperative learning approach [11] [12] [13] . Given the intensity of the course, it is vital that students are engaged in activities other than simply listening to lectures and taking notes. Students should be involved in talking and listening to one another, or writing, reading, and reflecting individually throughout both courses.
Integration of these courses into existing curricula is substantially aided by the creation of interdisciplinary project teams in which students with a stronger biology background take the lead in experimental design and data interpretation, while students with a stronger computer science background take the lead in the development and implementation of representation methodologies and optimized, solution-finding algorithms.
Additionally, as part of the capstone, student teams are asked to complete a formative project with research application. Students are afforded the opportunity to apply their own expertise on a project of their choosing or provided an opportunity to work on one of the several projects underway in the Bioinformatics Research Group at Wright State University.
Implementation
This model program was accepted as an official option in the Computer Science Degree Program at Wright State University in 2002. Prior to this adoption, undergraduate students wishing to study bioinformatics worked with their advisors to develop individual programs of study which required successful petition for graduation. Concurrently, a related bioinformatics degree program has been implemented for the department of Biological Science.
Although the two related four-year courses of study differ significantly in their upper-division course work, they were designed so that requirements are satisfied in tandem during their first two years in order to allow students to defer specialization in Computer Science or Biology until their junior year. During the first two years of study, both curriculums include a two-year sequence of computer science course work (including programming and data structures), a two-year sequence of biology (including molecular genetics and cell biology), a two-year chemistry sequence (including organic chemistry), and a two-year sequence in mathematics (including calculus, discrete mathematics, and statistics). Upper-division course work in the related programs differs but retain major areas of commonality, including operating systems, artificial intelligence, and database design, advanced topics in biochemistry and molecular cell biology, and the capstone course in bioinformatics developed for this option.
A model computer science curriculum for undergraduate bioinformatics
The authors now present a curriculum proposal for computer science which they believe is in accordance with CAC/CSAB/ABET standards [14] , yet incorporates specific sequences in chemistry and biology with a computer science foundation focused towards the development of contemporary IT skills critical to bioinformatics. In order to meet these objectives, several traditional topics had to be removed from the classical computer science curriculum for this option. 
Conclusion
Computer science is a path to understanding genomes, just as biology helps us in understanding living organisms. It is hard to imagine a more significant area where scientists must hone their methods of questioning than bioinformatics. The competitive pressure and rewards for progress in bioinformatics are high, and students can use them to prepare themselves to join this soughtafter work-force. The creation of undergraduate bioinformatics programs in computer science and engineering is of utmost importance for global health, economic development, and the success of the students.
The central argument that is presented for an undergraduate bioinformatics option within a Computer Science BS degree can be summarized as follows: (1) Students holding undergraduate degrees in Computer Science or Biology are generally required to remediate course work from the other discipline if accepted to a postgraduate bioinformatics program. The number and chain of prerequisites that must be satisfied in either case require about two years of course work because course dependencies are such that they cannot be taken in parallel. (2) An assumption of two years of remedial course work, in addition to the two years to obtain the MS degree, implies that eight years of preparation could be required for a student to obtain an MS degree in bioinformatics. (3) The alternative that is proposed would lead to a BS degree in bioinformatics in four years and an MS degree in bioinformatics in the standard six-year time frame.
The authors believe that complementing existing degree options in computer science with the appropriate existing chemistry and biology course work is the most realistic way to implement programs in bioinformatics. The model presented requires relatively few additional resources: two additional courses offered as infrequently as once every other year may suffice for small programs. Thus, this model not only meets the needs of of research universities (such as Wright State University), but also provides potential direction for the many small, primarily liberal arts, colleges interested in providing bioinformatics education [7] .
The model that is presented is just that -a model. The content decisions for this model are based upon the contemporary needs of the bioinformatics industry towards providing the academic background required for meeting the entrance requirements of postgraduate programs in bioinformatics. As is the case with computer science, all potential fields of interest are impossible to include within the scope of a baccalaureate degree. Each institution will need to address the specific implementation appropriate to its strengths and needs. The integration of bioinformatics resources, such as the two courses that are proposed, with those resources already present within the computer science and biology programs at existing institutions will require the participation of faculty from both biology and computer science. This model will serve as a framework for initial dialogues and will help guide faculty towards the rapid development of bioinformatics programs that capitalize on the strengths of their specific institution.
